Eu 3+ -doped LaPO 4 and Tb 3+ -doped CePO 4 luminescent nanoparticles embedded in hybrid organosilica were patterned by two soft lithographic techniques. The role of various parameters such as solution chemistry, thermal protocols, and modification of the mold-substrate surface energies related to pattern shape formation and adhesion to the substrates have been studied. The shrinkage of the oxide patterns and shape evolution during the process was also examined. The patterns were characterized with optical and photoluminescence (PL) microscopy, X-ray diffraction (XRD), and scanning electron microscopy (SEM). Compositional analyses were carried out with X-ray photoelectron spectroscopy (XPS), low-energy ion scattering (LEIS), and secondary ion mass spectroscopy (SIMS). The results indicated that the final patterns obtained with these two techniques for the same material have different shapes and adherence to the substrates.
Introduction
Oxide materials doped with lanthanide ions comprise a class of materials that have great technological importance in areas such as phosphor lamps, displays, sensors, lasers, and optical amplifiers [1] [2] [3] . At nanometer scale, these materials have high surface-to-volume ratio and enhanced structural, electronic, and optical properties in comparison to the bulk phase. Generally, oxide materials are known to be good hosts for lanthanide ions, since they provide good quantum yields. For example, lanthanum orthophosphate (LaPO 4 ) is an excellent host for ions such as europium, cerium, and terbium in the fabrication of photoluminescent materials [3, 4] .
At present, the most common technologies used for the deposition of these materials are electrophoretic deposition [5] [6] [7] , screen printing [8] , pulsed laser deposition [9, 10] , and traditional photolithography [11] . In fact, the patterning techniques used for phosphor screens are known to have a great effect on the resolution of flat panel displays [12] .
Soft-lithographic techniques [13] could be used as alternative techniques, when simplicity, ease of use, and cost effectiveness is targeted. They are cheap, easy, and simple and most importantly, they need no clean room conditions or complicated and lengthy processing steps. So far, relatively little work has been reported on the use of soft-lithographic techniques for the patterning of luminescent materials. Yu et al. applied micromoulding in capillaries (MIMIC) to pattern a Pechini sol-gel-based nanocrystalline YVO 4 : A (A = Eu 3+ , Dy 3+ , Sm 3+ , Er 3+ ) phosphor films [12] . Pisignano et al. employed mechanical lithographic techniques to print 1D patterns of light emitting materials embedded in organic films [14] . They reported that patterned films exhibited enhanced luminescence (by more than a factor of two) as compared to nonpatterned films. Similarly, Han and coworkers [15] applied the technique of MIMIC to sol-gelbased phosphor patterned lines having various line widths. The patterned and nonpatterned films exhibited the same optical properties.
Here we report the use of two soft-lithographic techniques, namely, MIMIC [13, 16] and microtransfer moulding (μTM) [13, 17] for the patterning of two types of luminescent nanoparticles. A comparison between the two techniques has been made based on the degree of filling of the channels, adhesion of the patterned films to the substrate, their shape profiles, and shrinkage behavior. This paper will focus on two important fundamental questions (a) what will be the outcome of applying two different soft-lithographic techniques to one material? (b) What will be the result of patterning two different materials with one technique? This paper will make a great contribution and a step forward towards selecting an appropriate soft-lithographic technique for the right material and applications.
Experimental
2.1. Materials. Unless otherwise stated, reagents were used as received without further purification. The organosilane precursor 1,2-bis(triethoxysilyl)ethane (99.999%) abbreviated as BTESE, nitric acid (65%), polyoxyethylene 20 cetyl ether (Brij 58), and ethanol (99.8%) were all purchased from Aldrich. N, N-dimethylformamide (99.8%) (DMF) was purchased from Merck.
Synthesis of Luminescent Lanthanide
Phosphate Nanoparticles. Two types of luminescent nanoparticles (NPs), namely, LaPO 4 : Eu and CePO 4 : Tb, having particle diameters (Φ) of 5-8 nm, were used for patterning in the present work. The synthesis route adopted was according to Riwotzki et al. and was scaled down to 10 mmol and slightly modified as follows [18] . To a solution of lanthanide chloride hydrate salts (10 mmol) in methanol (50 mL), tris(2-ethylhexyl) phosphate (TEHP, 60 mL) was added. Under reduced pressure (10 mbar at 60
• C), methanol and water were evaporated. Depending on the lanthanide ions used for the synthesis, the remaining solution sometimes remained slightly colored.
In parallel, a solution of crystalline phosphoric acid (980 mg, 10 mmol) in tris(2-ethylhexyl) phosphate (30 mL) and tri-n-octylamine (TOA, 13.1 mL, 30 mmol) was prepared. The dissolved acid solution was heated to 80
• C, and water and oxygen were removed in the vacuum. The solution was flushed with argon three times before the lanthanide-ion solution was added. Again, the flask was evacuated and flushed with argon three times before the mixture was heated to 200
• C for 20 h in order to minimize the oxidation of cerium(III) to cerium(IV). During the reaction, the temperature decreased by 30
• to 170-175 • C. The heating was stopped at this point, and the colloidal solution was cooled to room temperature. Then, the solution was added to methanol (400 mL) in a separating funnel to precipitate the nanocrystals as a white solid. The nanocrystals were separated from the solution into centrifuge tubes. After centrifuging down the nanocrystals at 1500 g for 5 min, they were suspended in methanol and centrifuged again. This step was repeated three times. The nanocrystals were transferred into a flask and dried with a rotary evaporator yielding a white to yellowish powder (average yield 7.2 mmol, 72%), depending on the composition of the nanocrystals.
Preparation of Nanoparticles Solution Embedded in Hybrid Silica
Solution (a). 10 mg of the LaPO 4 : Eu NPs were dissolved in 5 mL of DMF and stirred at 100
• C for 1 h. In case of CePO 4 : Tb, the NPs were dissolved in ethanol and stirred for 1 h at room temperature. When needed, the amount of solvent was varied for the adjustment of viscosity.
Solution (b). Aqueous nitric acid (0.5 mL concentrated HNO 3 in 1.8 mL of water) was added dropwise to 1.8 mL of 1,2-bis(triethoxysilyl)ethane (BTESE), and 5.0 mL of ethanol while stirring in an ice bath. The mixture was refluxed for 2-3 h at 60
• C. Solutions of various concentrations were made by mixing solutions (a) and (b) in various proportions. The viscosity was adjusted by adding small amounts of Brij 58 to the final solution and stirring for 2-3 h. The viscosity of the final solution was measured to be 4.210 mPa·s.
Results and Discussion

Patterning of LaPO 4 : Eu by Micromoulding in Capillaries (MIMIC).
Micromoulding in capillaries (MIMIC) technique was applied to pattern LaPO 4 : Eu nanoparticles (NPs) embedded in hybrid silica. First of all, the Si substrates were cleaned with a fine jet of CO 2 crystals to blow away the dust particles. Then both substrates and PDMS moulds were treated with oxygen plasma (Harrick Plasma, 200 W) at a pressure of 80 Pa using molecular oxygen [19] . Figure 1 shows SEM and AFM images of line-and pit-patterned films. The complete filling of the capillaries took 10-15 min. The wet patterns were then left for 10-60 min. (with the mould) at 80
• C on a hot plate in order to evaporate the solvents and were annealed at 300
• C for 30 min in nitrogen. Figure 1 (a) shows an example of such a line pattern having a line width (w l ) of 6 μm and spacing between the lines (s l ) of 12 μm. The adhesion of the filled mould to the substrate after drying was found to be stronger. In some cases, the strong adhesion resulted in detachment of a residue layer from the mould and stayed on the substrate. An example is shown in Figure 1(b) , where the darkest lines, which are mostly located in the lower part of the picture, are the residue lines of PDMS, while the less dark lines between the PDMS residues are actual patterned organosilica lines obtained from a mould having both w l and s l of 1.5 μm, respectively. The resulting shapes of the organosilica pattern are not perfect replicas of the PDMS master from which they are obtained, as can be seen in Figure 1 (c), having similar dimensions as in Figure 1 (b). The patterned lines have a single peak unlike the double-peak profile as reported somewhere else [20] . The strong adhesion between mould, pattern, and substrate can have two consequences. It may either result in the detachment of PDMS from the mould and its adhesion to the substrate (Figure 1(b) ) or in the detachment of 100 µm (a) 10 µm the patterned film from the substrate. An example of the latter effect is shown in Figure 1 (e), where a pit-patterned film having pit diameter P d of 800 nm was removed together with the mould. This problem can be solved by careful adjustment of the surface energy of the mould by varying the time of plasma treatment, as shown elsewhere [19] . The white areas inside the holes in the pit-patterned film in Figure 1 (f) also show the residue layer.
Patterning of LaPO 4 : Eu by Microtransfer Moulding.
As discussed in the previous section, the adhesion of MIMIC-derived patterned films was too strong that it resulted in the partial detachment (removal) of the patterned material. In order to circumvent this problem we applied microtransfer moulding (μTM). A tiny drop of solution containing NPs was gently placed on a PDMS mould after it had been treated with oxygen plasma for 20-60 s. After removing the excess material from the protruding parts of the mould with a clean PDMS or steel block, the mould was placed and pressed carefully onto a clean Si substrate. Mould and pattern were then placed on a hot plate at 80
• C for 10-30 min to solidify the wet pattern. show line patterns having w l and s l of 6 μm and 12 μm, respectively, and obtained with μTM. Similarly, Figure 2 (c) shows an AFM height image of the shape of the pattern. The shape profile is more rectangular than those derived from MIMIC.
The main reason that the shape of the pattern is replicated well with μTM is probably that the channels of the mould are filled prior to replication and exposed to air, to which solvents can evaporate faster and more homogeneously than through the mould as in MIMIC. In μTM the channels are filled with a block unlike MIMIC, where they are filled by capillary action. In other words, the filling phenomenon in MIMIC is rather a spontaneous process whereas in μTM it is a mechanical process. 4 : Tb Nanoparticles (NPs). MIMIC and μTM were also applied to pattern CePO 4 : Tb NPs of various dimensions and shapes. These NPs were stabilized in solvent ethanol unlike LaPO 4 : Eu NPs which were stabilized in DMF. Figure 3(a) shows a MIMIC-made line-patterned film having w l of 6 μm. The filling length of the channels was higher, and the evaporation was comparatively faster than that of LaPO 4 : Eu NPs, which were stabilized in DMF, since ethanol evaporates faster than DMF does. Furthermore, DMF was observed to be less compatible with PDMS, since it is a strong solvent. It degraded the PDMS mold when left in contact for longer periods of time. Figure 3(b) shows a μTM-derived line-patterned film having w l 3 μm before annealing. Residue PDMS lines between the actual patterned lines can be observed. This was found to happen when the PDMS mould was treated in oxygen plasma for more than 30 s. Longer plasma treatment times increase the surface energy of the mould by oxidizing PDMS to amorphous SiO x , which is brittle. The surface energy increased the bonding strength between mould and substrate, and the brittleness of the oxidized PDMS layer.
Patterning of CePO
Moulds treated within oxygen plasma for shorter periods of 20-30 s were found to be suitable for replication of features (Figure 3(c) ). On the other hand, a mould treated with plasma for a too short period of time reduces the adhesion of the patterned material with the substrate. In that case, the patterned material may detach from the substrate. An example is shown in Figure 3(d) , where the displacement of line patterns and their detachment from the substrate can be observed.
An advantage of μTM over MIMIC is the possibility of patterning isolated features. Examples of patterned isolated pillars having diameters (P d ) of 800 and 1500 nm are shown in the lower and upper part of Figure 3 (e), respectively. In Figure 3(f) , the residue layer between the patterned features is visible. This occurs when the excess solution was not completely removed from the mould prior to their registration onto the substrate.
Important Aspects of Microtransfer Moulding.
Although μTM has some advantages over MIMIC, the adhesion of μTM-made patterned features to the substrate is weaker than that of MIMIC. When patterning line structures, the excess solution should be removed at right angle to the lines. Otherwise, it may cause the removal of the solution from The force exerted on a cleaning block to remove excess solution from the mould is also of importance. Application of too large force can cause the partial or complete removal of solution from the patterned area and may lead to incomplete pattern replication. An example is shown in Figure 4 (b) (left), where the broken lines resulted from too large forces on the mould. The force applied with a hard material such as steel should be smaller when a soft material is used, such as PDMS. Finally, the excess materials should be removed thoroughly from the mould, or it will be transferred to the substrate and may affect the pattern (Figure 4(c) ). All line patterns shown in Figure 4 have w l and s l of 6 μm and 12 μm, respectively, and were obtained from a solution of LaPO 4 : Eu nanoparticles embedded in hybrid silica.
D Layer-by-Layer Type
Patterning. Both techniques can also be applied to produce 3D layer-by-layer type patterns. As discussed in the introduction part that these 3D wood pile patterns may find application in photonics for waveguiding and photonic crystals. Figure 5 depicts the stepby-step schematic procedure adopted for patterning these 3D structures. The first layer can be patterned with the conventional MIMIC or μTM method ( Figure 5(a) ). The pattern is then dried at some elevated temperature. After drying, a thin film of some degradable polymer is spin coated on top ( Figure 5(b) ). In the present work, we applied a thin film of commercially available UV-curable polyurethane (PU) with a speed of 1500 rpm for a period of 1 min. The PU film was cured by exposure to UV light with a wavelength of 350 nm for 2 h. Subsequently, the PU film was treated in oxygen plasma for 5-10 min in order to improve its adhesion to the PDMS mould for the next layer to be deposited. A fresh PDMS mould was also treated in oxygen plasma for 5 min and placed very carefully on top of the PU film in such a way that channels of the mould were oriented perpendicular to the lines of the first layer. Then a second layer was patterned on top of the PU film ( Figure 5(c) ). Finally, after drying, the buried PU film can be degraded by annealing the sample at 550
• C in air for 2 h. This yielded a 3D wood pile pattern ( Figure 5(d) ).
In principle, the same procedure is expected to be applicable to stack a third or more layers. However, defects and errors that occur in one layer will be transmitted to the layers above. Thus, increasing the number of layers also promotes the number of defects in the final pattern, especially in the upper layers. Furthermore, the weight of the mould while placing it on top of the green body may also produce defects. It was found that the adhesion of the second layer to the underlying PU/titania substrate was weaker than the adhesion of the first layer to the substrate. The adhesion was improved by oxygen plasma treatment of the polymer film for 5 min prior to deposition of the second layer.
While the MIMIC-derived patterns showed good adhesion to the substrate, the final line shapes were not perfectly rectangular; this is an undesirable feature when 3D type patterning is targeted. Formation of a residue layer is another limitation of MIMIC, even though absence of residue layers was one of the underlying reasons to develop MIMIC in the first place. These two problems were avoided by using μTM for 3D patterning. Figure 6 (a) shows μTM-made 3D pattern having a w l of 6 μm derived of hybrid organosilica-embedded LaPO 4 : Eu NPs. Care must be taken to remove the excess solution before bringing it onto the substrate. Otherwise, some residue layer will stay on top of the first layer; this undesirable layer can be seen in Figure 6 (b) near the area of detachment of the second layer. Prior to the deposition of the second layer in μTM, the wet solution in the channels should be dried for a period of time, that is, partially gelled. Otherwise, it may penetrate into the underlying layer and result in defected pattern (Figures 6(c) and 6(d) ). This should be done before the solution bond to the mould channels, since in that case it might not transfer to the substrate. The time period may vary for different materials and solvents; however, in the present scenario a time interval of 2-3 min was found to be the optimum.
The adhesion of the μTM-derived second layer to the underlying layer was found to be weak as compared to those derived from MIMIC. Eventually, this leads to detachment of the top layer, as illustrated in Figure 6 (e). The second layer was also deposited under other angles to see if that might improve the adhesion of the second layer, but this also resulted in cracked lines (Figure 6(f) ). The cracking of lines probably result from stresses that occur due to shrinkage of the second layer when the pattern dries. These patterned films were studied with optical microscopy using an excitation wavelength of 260-300 nm. The photoluminescence intensity, however, was very low as can be seen in the figure. X-ray photoelectron spectroscopy (XPS) was performed to study the presence of the NPs in the patterned films. However, the results (not presented here) did not show indications for the presence of NPs in the patterned lines. The following possible reasons can be sum up about the reduced luminescence intensities.
Firstly, that the NPs are not present in the upper layers of the patterned lines, since XPS can give information up to 20Å with an exponential decay towards the depth. The sensitivity of XPS is limited to 0.1-0.2 at%, depending on material. Lower concentrations will not be detected.
Furthermore, the microscope lenses were made from glass, which absorbs UV light. Thus, the microscope itself may have reduced the observed intensity drastically. A mercury lamp (λ = 254 nm) was also tried, but the intensity remained low. The excitation and emission wavelengths may also be affected by the matrix material. The hybrid organosilica matrix may reduce the optical yield by several orders of magnitude. Other reasons might include quenching effects such as phonon emission, where the energy of the excited state is consumed in the form of vibrational energy. Nevertheless, a detailed investigation into this effect was not within the scope of this research work. Figure 7 (c) shows optical micrograph of a MIMIC-patterned film of CePO 4 : Tb. The color spectrum indicates the presence of a residue layer, and the color contrast is indicative of thickness variation. The dark spots are small dust particles.
Low Energy Ion Scattering Analysis.
To look in more detail to the surface composition than is possible with XPS, Figure 3 (a) and is a MIMIC-made CePO 4 : Tb-patterned film. The third sample (T1) is shown in Figure 2 . It is a μTM-made LaPO 4 : Eu-line patterned film. Henceforth, these samples will be represented by M1, M2, and T1, respectively. LEIS was performed using helium for the identification of low mass elements, followed by neon scattering for the identification of high mass elements. This way the composition of the first atomic layer was studied by ion scattering. Figures 8(a) and 8(b) show the He and Ne LEIS spectra of the above three samples.
In samples M1 and M2, no rare earth elements were detected. A likely reason is that the concentration of NPs is below the detection limit, at least in the top most layers.
Since LEIS is sensitive only to the top atomic layer and cannot detect elements below a few atomic layers. On the other hand, Sample T1 showed the presence of lanthanum (La) in the outermost monolayer. The difference between the samples lies only in the use of the applied patterning technique, which suggests that the NPs are not present in the upper top layer of MIMIC-derived samples. Major differences resulting from the two soft-lithographic techniques are related to differences in filling behavior and differences in evaporation rates of solvent, and so forth. These may affect the concentration of NPs in the upper most regions of the patterned lines.
Secondary Ion Mass Spectroscopy Analysis.
Time of flight (TOF) secondary ion mass spectroscopy (SIMS) was performed on the same samples as mentioned in the above section.
In all three samples, clear signs of SiOH compounds were detected. Sample T1 showed the presence of La and Eu along with the phosphates (Figure 9(a) ). However, for sample M1 neither La nor Eu could be detected (Figure 9(b) ). Similarly, for sample M2, a limited amount of Ce and Tb was detected (Figure 9(c) ). Furthermore, no phosphates were found in the two samples (Figures 9(b) and 9(c) ). Aliphatic and aromatic hydrocarbons were detected in these two samples. The aromatic compounds probably may have resulted from the initial synthesis of the NPs and, therefore, indirectly suggests their presence in the materials under investigation here.
On the basis of compositional analysis with LEIS and SIMS, some indications for the reasons for the reduced intensities observed with PL microscopy can be deduced. Firstly, the NPs are not near to the surface region. The path that photons have to travel to escape from the organosilica matrix is therefore relatively long; this affects the degree of absorption by the organosilica matrix. Furthermore, the sample patterned with μTM showed the presence of NPs very near to the external surface. This suggests that the patterning technique also has an influence on the location of NPs in the matrix material in the given pattern. Silica is known to be a good host material for lanthanide ions such as europium and cerium; however, quenching effects may reduce the photoluminescence intensity.
Conclusions
MIMIC and μTM techniques were applied successfully to pattern LaPO 4 : Eu and CePO 4 : Tb NPs embedded in hybrid silica. The shape of the patterned lines derived from MIMIC was found to be different from those derived with μTM. The adhesion of the patterned material to the substrate and to the mould was very challenging, and further work is needed to be done for a variety of other materials system to be able to reproduce the results. Furthermore, the adhesion of MIMIC-derived patterns to the substrate and the underlying pattern was stronger than that of μTM-made patterns. This is probably due to the fact that the residue layer in MIMIC is thicker, which improves bonding to the substrate. Also, in MIMIC the bonding is stronger due to the fact that in μTM the sol is jellified (semi-dried) before it is transferred. On the other hand, the shape of patterns is better replicated with μTM than with MIMIC.
By comparison of the two techniques, it can be concluded that both techniques have their own advantages and limitations. The selection of an appropriate technique may depend on the applications of the patterned films. MIMIC is a good technique for applications where residue layer is not undesirable. Similarly, μTM is good for the patterning of isolated features and as well as when exact replication of the mould is desired.
Photoluminescence properties in the encapsulated NPs were studied. Their intensities were low. This may be either due to some quenching effects, and/or due to the fact that the NPs are buried away from the external surface. Other possibility could be that their amount is low. Nevertheless, the experiments show that both techniques can be used to pattern similar or other complex materials with these techniques.
